Abstract During Drosophila oogenesis the expression of the sulfotransferase Pipe in ventral follicle cells is crucial for dorsoventral axis formation. Pipe modifies proteins that are incorporated in the ventral eggshell and activate Toll signaling which in turn initiates embryonic dorsoventral patterning. Ventral pipe expression is the result of an oocyte-derived EGF signal which down-regulates pipe in dorsal follicle cells. The analysis of mutant follicle cell clones reveals that none of the transcription factors known to act downstream of EGF signaling in Drosophila is required or sufficient for pipe regulation. However, the pipe cis-regulatory region harbors a 31-bp element which is essential for pipe repression, and ovarian extracts contain a protein that binds this element. Thus, EGF signaling does not act by down-regulating an activator of pipe as previously suggested but rather by activating a repressor. Surprisingly, this repressor acts independent of the common co-repressors Groucho or CtBP.
Introduction
Dorsoventral (DV) axis formation in Drosophila is a result of the localized activation of a serine protease cascade in the perivitelline space surrounding the developing embryo (Morisato and Anderson 1995; Moussian and Roth 2005) . This protease cascade leads to a ventral-to-dorsal gradient of Toll receptor activation in the embryonic plasma membrane which governs the patterning of the embryo along the DV axis. The spatially limited activation of the protease cascade at the ventral side of the egg depends on cues contained in the vitelline membrane, which is a product of somatic follicle cells which surround the growing oocyte during oogenesis. The activity of the pipe gene is required within the follicle cells to produce these ventral eggshell cues (Sen et al. 1998; Nilson and Schupbach 1998) . The pipe locus is genetically complex. It codes for ten different protein isoforms (Sen et al. 1998; Sergeev et al. 2001) . Seven of these are expressed in the follicular epithelium, but only one, namely Pip-PA (also called Pipe-ST2), has been shown to be essential for the polarization of the embryonic DV axis (Zhang et al. 2009b ). The expression of this isoform is restricted to the ventral side of the follicular epithelium, explaining the spatial restriction of the eggshell cues.
All pipe isoforms contain a specific domain which is homologous to vertebrate glycosaminoglycan (GAG) sulfotransferases (Sen et al. 1998; Kobayashi et al. 1997; Kobayashi et al. 1999) . It has been shown recently that pipe sulfates several structural components of the vitelline membrane (Zhang et al. 2009a) . Being stably embedded into the vitelline membrane, these components are unlikely to diffuse, explaining the local requirement of pipe that was demonstrated by clonal analysis (Nilson and Schupbach 1998) . After fertilization and egg deposition, the sulfated vitelline membrane components on the ventral side lead to localized initiation of the proteolytic cascade, and thus to the initiation of embryonic DV axis formation (Dissing et al. 2001; Moussian and Roth 2005; LeMosy 2006; Cho et al. 2010) . Since pipe is the only gene involved in the induction of the embryonic DV axis which is known to be expressed Communicated by C. Desplan M. Technau : M. Knispel : S. Roth (*) asymmetrically in the follicular epithelium, it is likely to be the key component responsible for the transfer of DV polarity from the egg chamber to the embryo.
The ventral restriction of pipe expression depends on the localized activation of the EGF receptor (EGFR) in the follicular epithelium. During mid-oogenesis, the TGFα-like signaling molecule Gurken (Grk) localizes to an anterior cortical position inside the oocyte which is defined by the position of the oocyte nucleus (Neuman-Silberberg and Schupbach 1993) . From here Grk is secreted and activates the EGFR in the overlying follicle cells (Queenan et al. 1999; Peri et al. 1999; Ghiglione et al. 2002; Shmueli et al. 2002) . It has been shown that Grk forms a long range morphogen gradient extending from the dorsal to the ventral side of the egg chamber (Chang et al. 2008; Pai et al. 2000) . Mathematical modeling predicts a direct influence of the Grk morphogen gradient on pipe expression (Goentoro et al. 2006; Yakoby et al. 2008) , an idea supported by follicle cell clones mutant for the EGF pathway components Ras and Raf (James et al. 2002; Peri et al. 2002) . No other pathways, such as Dpp and Notch, have been found to contribute to pipe regulation so far ( (Peri et al. 2002; Shravage et al. 2007 ) and unpublished data). Thus, EGF pathway activation by Grk is likely the sole cause of the ventral restriction of pipe. However, the mechanisms of pipe regulation by EGF signaling are largely unknown.
In this study, we show that transcription factors which have been suggested to act downstream of EGF signaling in Drosophila and transcription factors previously assumed to play a role in the control of pipe either lack detectable effects on pipe or are insufficient to account for critical aspects of pipe's spatial control. To gain access to potential transcriptional regulators we analyzed a cis-regulatory element of the pipe upstream genomic region which drives normal pipe expression. Using bioinformatic tools based on the evolutionary conservation of functional elements (phylogenetic footprinting) and reporter constructs, we identified a 31-bp cis-regulatory element which plays a crucial role in the dorsal repression of pipe and which is bound in vitro by proteins from ovarian extracts.
Materials and methods

Fly stocks and genetic mosaic analysis in the follicular epithelium
Transgenic flies were generated as described (Spradling and Rubin 1982 (Sen et al. 1998) .
All loss-of-function clones genetically marked by the absence of GFP were generated by the FRT/FLP recombination technique (Xu and Rubin 1993) . Clones were induced by the follicle-cell specific recombination cassette e22c-Gal4, UAS-FLP (Duffy et al. 1998) , or by a heatshock inducible Flipase (hs-FLP 12 ). In the latter case, adult females were heat shocked for 1 h at 37°C, and the ovaries dissected after 4 days. pipe expression was visualized using a reporter construct expressing β-galactosidase in a pipelike pattern (pipe-LacZ, (Sen et al. 1998 ) and 3 kb-pipeLacZ generated for this study). DNA was counterstained with DAPI (Roche).
Immunohistochemistry
For antibody staining of egg chambers, ovaries were dissected in ice cold Grace's insect medium, fixed for 20 min in 4% formaldehyde, washed several times, and after blocking for 1 h with PBST (containing 0.5% BSA and 1% Triton X-100) incubated over night at 4°C with the primary antibody diluted in PBST (containing 0.5% BSA and 0.3% Triton X-100). After washing two times with PBST (0.1% Triton X-100), ovaries were again blocked for 1 h in PBST (0.1% Triton X-100) with 10% goat serum and afterwards incubated with the secondary antibody in PBST (0.1% Triton X-100) for 2 h at room temperature. After washing, the ovaries were finally mounted in Vectashield (Linaris). The following antisera were used: rabbit anti-β-galactosidase (pre-adsorbed to fixed tissue; Cappel, 1:1,000), mouse anti-β-galactosidase (Promega, 1:1,000), mouse anti-GFP (Roche, 1:500), rabbit anti-GFP (preadsorbed to fixed tissue; Molecular Probes, 1:200), rat antiCic ( (Roch et al. 2002) , 1:500). Primary antibodies were detected using the following fluorescence-labeled secondary antibodies: Alexa 555-conjugated goat anti-mouse IgG, Alexa 488-conjugated goat anti-guinea pig IgG (Molecular Probes, 1:400).
Cloning of promoter constructs
pipe promoter fragments were amplified by the Expand Long Template or the Expand High Fidelity PCR System (Roche) using the pipe-LacZ plasmid (Sen et al. 1998 ) as a template. The fragments were cloned into C4PLZ (Wharton and Crews 1993) or pHstinger (Barolo et al. 2000) using BamHI and EcoRI restriction sites. For some constructs, internal deletions or internally modified sequences were introduced using a fusion-PCR strategy (Shevchuk et al. 2004 ): first, two separate PCR products were generated using for each of the two products a primer with overhangs complementary to the respective other construct's primer and a BamHI or EcoRI restriction site at the other side, respectively. These two constructs were combined in a subsequent fusion PCR step. In the case of the shifted 31-bp element, 5′-phosphorylated single-stranded sense and antisense fragments for the 31-bp sequence having overhangs complementary to BamHI or EcoRI restriction sites were ordered from Sigma. After hybridization, the doublestranded fragments were ligated into BamHI or EcoRI digested 1500-deltaB-C4PLZ. Thereby, the 31-bp element was positioned either to the distal or proximal end of the 1,500-bp fragment.
Bioinformatic-TFBS prediction
To analyze the conservation of the 1.5-kb upstream cis-regulatory region of pipe, we used the GenomeVISTA browser Couronne et al. 2003; Kent 2002) . In addition, the PhastCons tool (Siepel et al. 2005 ) of the UCSC Genome Browser , the software ClustalW (Thompson et al. 1994) , and the bayes aligner (Zhu et al. 1998) were used, which gave similar results as compared to Genome-VISTA (data not shown). For the subsequent identification of potential transcription factor binding sites (TFBS), we used several TFBS prediction programs in parallel, which restricted the output to evolutionary conserved motifs. We started the analysis using the software platform CREDO (Hindemitt and Mayer 2005) , which integrates the results of a variety of algorithms that are widely used for the detection of conserved sequence motifs: AlignACE (Hughes et al. 2000) , DIALIGN (Morgenstern 1999 (Morgenstern , 2004 , FootPrinter ; ; (Blanchette and Tompa 2003) , MEME Elkan 1994, 1995) and MotifSampler (Thijs et al. 2001 (Thijs et al. , 2002 . The CREDO-implemented programs were also tested independently and directly from the original webpage. In addition, we used the programs MOST (Motifs Searching Tool (Pizzi et al. 2005) ), SOMBRERO (Self-Organizing Map for Biological Regulatory Element Recognition and Ordering (Mahony et al. 2005a, b) ), and WeederH (Pavesi et al. 2007 ).
Electrophoretic mobility shift assay
An EMSA with the 31-bp-pipe repressor element was performed according to (Benezra et al. 1990 ). The singlestranded 31 bp fragments were ordered from Sigma and labeled radioactively using T4-polynucleotidkinase. The labeled complementary single-stranded probes were subsequently hybridized to form a double-stranded probe for the EMSA. Ovarian crude extract was isolated according to (Chung et al. 1996) and incubated with the labeled probe for the EMSA.
Results
Clonal analysis with mutants of candidate transcription factors
To test the influence of potential regulators of pipe expression, we generated follicle cell clones mutant for candidate transcription factors using the FLP-FRT system (Xu and Rubin 1993) . We monitored pipe expression using reporter constructs which drive LacZ expression in a pattern identical to the endogenous pipe transcript (Peri et al. 2002) .
The most intensively studied EGFR regulated transcription factors in Drosophila are the ETS domain proteins Yan and Pointed (Pnt) (Tootle and Rebay 2005; Rohrbaugh et al. 2002; Gabay et al. 1996; Treisman 1996) . Yan and Pnt bind to the same sites, and thus compete for access to cis-regulatory regions of common target genes. Yan acts as a transcriptional repressor and Pnt as an activator (O'Neill et al. 1994; Lai and Rubin 1992) . Both proteins are phosphorylated by activated EGFR, which leads to the activation of Pnt, and inactivation of Yan (Brunner et al. 1994; Klambt 1993; O'Neill et al. 1994) , while in the absence of EGFR signaling, Pnt target genes are repressed by Yan (Flores et al. 2000; Halfon et al. 2000; Xu et al. 2000) .
Pnt is expressed during oogenesis in dorsal-anterior follicle cells of stage 9-10 egg chambers as a consequence of the Grk dependent activation of the EGFR and is involved in the specification of the dorsal appendages (Morimoto et al. 1996; Boisclair Lachance et al. 2009; Zartman et al. 2009 ). To check whether Pnt and Yan are involved in the transcriptional regulation of pipe, we generated follicle cell clones mutant for pnt Δ88 (a null allele for both Pnt-isoforms) and yan XE18 (Fig. 1a-i) . pnt Δ88 or yan XE18 mutant clones did not alter the expression pattern of pipe, suggesting that these two EGFR-regulated transcription factors are not involved in the regulation of pipe expression.
A transcriptional repressor acting downstream of the EGFR pathway in several developmental contexts is the zinc finger protein Tramtrack, which exists in two isoforms known as Ttk69 and Ttk88 (Brown et al. 1991; Harrison and Travers 1990; Baonza et al. 2002; Lai et al. 1997; Li et al. 1997; Tang et al. 1997; Fairall et al. 1992; Lai and Li 1999; Wen et al. 2000; Xiong and Montell 1993) . Ttk69 is expressed during all stages of oogenesis in all follicle cells, whereas the expression of Ttk88 can never be detected in ovaries (French et al. 2003; . Ttk69 is involved in the synthesis of the chorion and the morphogenesis of the dorsal appendages (French et al. 2003) . To analyze the influence of Ttk69 on pipe expression, we generated follicle cell clones mutant for the loss-offunction allele ttk 1E11 . The loss of Ttk69 on the dorsal side of the egg chamber does not lead to ectopic expression of the pipe-LacZ reporter (Fig. 1j-l) . Also, clones localized ventrally do not affect the strength of pipe expression, as visualized by the LacZ reporter ( Fig. 1m-o) . However, the mutant cells are more closely packed than the adjacent wildtype cells, suggesting that the ttk 1E11 allele cell autonomously affects cellular density (visible in the DAPI staining in Fig. 1l as well as in the ventral pipe-LacZ expressing cells in Fig. 1n-o) .
CF2, another zinc finger transcription factor, has been implicated in EGFR mediated follicle cell patterning on the basis of ectopic expression of sense and antisense constructs (Hsu et al. 1992 (Hsu et al. , 1996 Shea et al. 1990 ). The embryonic phenotypes observed in these experiments suggest that CF2 regulates pipe. CF2 is expressed in all follicle cells starting at stage 8 and is post-translationally down-regulated from late stage 9 onwards as a direct consequence of EGFR activation in dorsal anterior follicle cells (Hsu et al. 1996 (Hsu et al. , 2001 Mantrova and Hsu 1998 clones. l, o The nuclei are more densely packed in ttk 1E11 mutant tissue as compared to the surrounding wildtypic tissue. p-r Clones homozygous for Df (2L)γ27. The deficiency Df (2L)γ27 deletes the complete coding region and about 20 kb upstream of CF2. In all cases, the mutant follicle cell clones do not affect the proper expression pattern of pipe and thus all the tested candidate transcription factors are apparently not involved in the transcriptional regulation of pipe indeed controlling the spatial expression pattern of pipe, it could either act directly as an essential activator of pipe or rather indirectly, for instance by the repression of a repressor.
To analyze if the loss of CF2 affects the expression of pipe, we generated CF2 mutant follicle cell clones. Since no specific CF2 allele was available, we used a deletion, in which the complete coding region and about 20 kb upstream of CF2 are missing (Df(2L)γ27, (Hsu et al. 1996) ). Large Df (2L)γ27 homozygous cell clones were observed but did not modify the pipe-LacZ expression pattern ( Fig. 1p-r) . Thus, like all the other candidates tested so far, CF2 plays no role in the regulation of pipe expression. This negative result is surprising taking into consideration the published data regarding an involvement of CF2 in dorsoventral patterning of the embryo (Hsu et al. 1996) . However, it is important to note that the prior analyses are based on heat shock induced ectopic expression of sense-and antisense constructs.
The only transcription factor which has been shown to be essential for pipe expression by standard genetic loss-offunction studies is the HMG-Box protein Capicua (Cic) (Goff et al. 2001) . Cic acts as a repressor during embryogenesis, wing development, and follicle cell patterning Roch et al. 2002; Atkey et al. 2006) . Cic is downregulated by receptor tyrosine kinase signaling, resulting in the activation of target gene expression (Astigarraga et al. 2007; Cinnamon et al. 2004; Goff et al. 2001; Jimenez et al. 2000; Tseng et al. 2007) . cic mutant females lay eggs with dorsalized eggshells in which dorsalized embryos develop (Atkey et al. 2006; Goff et al. 2001) . It has been shown that pipe is not expressed in cic mutant egg chambers (Goff et al. 2001) . To investigate whether the effect of cic on pipe expression is cell autonomous, we analyzed cic mutant follicle cell clones. We found that during stage 9, all regions of pipe expression are dependent on cic in a cell-autonomous manner ( Fig. 2a-d ). This also applies to the vast majority of cic mutant clones observed in stage ten egg chambers ( Fig. 2e-g ). In rare cases (less than 3%), non-autonomous effects were observed for anterior clones (data not shown). The predominantly cell-autonomous requirement of cic for pipe expression poses the question whether the spatial regulation of pipe can be explained via Grk-dependent down-regulation of cic. Earlier work has shown that Cic protein relocates from the nucleus to the cytoplasm in dorsal follicle cells in response to Grk signaling, so we re-investigated Cic protein distribution together with pipe expression using pipe-LacZ.
In stage 9 egg chambers, Cic uniformly accumulates in the nuclei of all follicle cells and only during stage 10 becomes cytoplasmic in anterior-dorsal follicle cells (data not shown and Fig. 2k ) (Astigarraga et al. 2007) . pipe, however, is never expressed dorsally; even at the onset of its expression during early stage 9, it is only detectable on the ventral side ( (Peri et al. 2002; Sen et al. 1998) , data not shown). Cic protein might form a nuclear concentration gradient delimiting pipe expression via a concentration dependent mechanism. To test this hypothesis, we monitored Cic protein distribution in lateral regions of stage 10 egg chambers where pipe expression sharply drops from maximal to undetectable levels. No changes in nuclear concentrations of Cic were observed across the region of the pipe border (Fig. 2h-j) . Thus, the temporal and spatial dynamics of nuclear Cic distribution do not match the pattern of pipe expression, suggesting that Cic is not a major factor responsible for the spatial regulation of pipe. Cic rather appears to be constitutively required for pipe expression by acting either as an activator or as the repressor of a repressor while the spatial control of pipe depends on other factors.
In summary, our results demonstrate that the transcription factors which so far have been discussed as mediators of EGF signaling in Drosophila are either not involved in (Yan, Pnt, Ttk, CF2) or not sufficient (Cic) to explain the spatial control of the pipe expression.
pipe promoter analysis
To identify the minimal cis-regulatory region of pipe required for proper expression in ventral follicle cells, we generated a series of LacZ reporter constructs. It has been shown previously that 8 kb of the pipe cis-regulatory region surrounding the pipe promoter drive LacZ expression in a pattern identical to the endogenous pipe transcript (Sen et al. 1998; Peri et al. 2002) . This 8 kb fragment contains roughly 3 kb of the cis-regulatory region upstream of the transcription start site plus the first exon of pipe (which is common to all pipe isoforms and which contains the translation start site) and about 5 kb of the first intron.
We found that 3 kb of the sequence upstream of the transcription start site are sufficient to drive LacZ expression in a wildtype-like pattern. This 3 kb fragment was used to generate a series of proximal and distal deletions (Fig. 3) . Figure 4a -e shows the expression patterns observed for promoter-distal deletions. Of particular interest are the constructs between 1,100 and 1,000 bp, which give rise to uniform expression of the reporter gene in the complete follicular epithelium (Fig. 4c, d ). The ectopic expression of these constructs on the dorsal side of the egg chamber suggests that important repressor binding sites are deleted, which are responsible for EGFR-mediated inhibition of expression. The 1,100-bp construct is the largest showing clear de-repression. In contrast, the slightly longer 1,135 bp construct is ventrally expressed like the endogenous pipe transcript (Fig. 4b) . Thus, by comparing these two constructs, the repressor binding can be narrowed down to 35 bp. Figure 4f -j presents the promoter constructs that are deleted from the promoter proximal side. The expression patterns of these constructs show that the region directly upstream of the transcription start site is not essential for the ventral expression in the follicular epithelium. Up to 985 bp can be deleted from the proximal site without obvious change in the expression pattern of the reporter gene. A proximal deletion of 1,000 bp leads to an attenuation of expression in most of the ventral follicle cells. Only expression at the posterior of the egg chamber remains at normal levels (Fig. 4h ). This effect is even stronger when 50 additional bp are deleted, leading to nearly exclusive expression at the posterior (Fig. 4i) . A truncation of 1,100 bp leads to the complete absence of expression suggesting that the pipe cis-regulatory region harbors binding sites for essential activators between 985 and 1,100 bp upstream of the start site (Fig. 4j) . In all proximally deleted constructs which still show expression, the repressing influence of the EGF pathway at the dorsal side remains unaffected. Thus, it is likely that all essential repressor sites are located between 1,100 and 1,135 bp upstream of the transcription start site.
The loss of the global co-repressors Groucho or CtBP does not affect the expression of pipe
The results of the promoter analysis strongly suggest that an essential repressor binding site is located inside the pipe CRM. Most transcriptional repressors require one (or several) co-repressors to effectively inhibit the expression of their target genes (Courey and Jia 2001; Gray and Levine 1996b; Payankaulam et al. 2010 ). Transcriptional repressors have been subdivided into short-range repressors inhibiting expression over a distance of less than 150 bp, and long-range repressors acting from a distance of more than 500 bp (Courey and Jia 2001; Gray and Levine 1996b) . These two classes of repressors mostly interact with specific longrange or short-range co-repressors.
Groucho (Gro) (Buscarlet and Stifani 2007; Chen and Courey 2000; Fisher and Caudy 1998; Mannervik et al. 1999; Parkhurst 1998 ) is an intensively analyzed and evolutionary highly conserved long-range co-repressor, interacting with a multitude of different repressors. Some of the well-characterized Gro-dependent repressors as well as Gro itself are regulated by the EGFR pathway (Hasson et al. 2005; Hasson and Paroush 2006; Price et al. 1997) . To analyze if Gro is involved in the regulation of pipe expression, we generated follicle cell clones mutant for the loss of function allele gro E48 and analyzed the influence on the expression of the pipe-LacZ reporter gene. Neither ventrally nor dorsally located follicle cell clones mutant for gro E48 had any effect on the pipe expression pattern (Fig. 5a-c) . Thus, Gro has no The most thoroughly studied co-repressor with regard to short-range repression is CtBP (C-terminal binding protein). CtBP is highly conserved and many repressors depend at least in part on CtBP (Chinnadurai 2002; Mannervik et al. 1999; Nibu et al. 1998; Poortinga et al. 1998) . It has been shown recently that CtBP can sometimes act as a context dependent co-activator, different regions of the protein being responsible for its repressing or activating function (Fang et al. 2006) . Several isoforms of CtBP are expressed in Drosophila, but to date, no unique functions have been identified for these isoforms (Fang et al. 2006; Mani-Telang and Arnosti 2007; Sutrias-Grau and Arnosti 2004) . We analyzed the expression of pipe-LacZ in egg chambers bearing CtBP mutant follicle cell clones. As depicted in Fig. 5d i, no alteration of the expression pattern could be detected, showing that pipe repression does not depend on corepression by CtBP.
Bioinformatic identification of potential transcription factor binding sites by ab initio prediction programs Parallel to the in vivo expression analysis of promoter reporter constructs, bioinformatic methods were used to identify potential cis-regulatory sequences. With this analysis, we firstly wanted to see whether the experimentally obtained data were in agreement with the pattern of phylogenetic conservation. Secondly, we wanted to uncover potentially redundant regulatory sites which might have been missed using deletion constructs. Thirdly, we hoped to identify potential binding sites of known TFs. We started by Fig. 3 Reporter constructs identify a repressor element within the minimal cisregulatory region driving normal pipe expression. The schematic drawing at the top represents the sequence region at the transcription start site of the pipe locus, extending 3,000 bp upstream and 1,000 bp downstream. The chromosomal orientation is inverted. The cloned reporter constructs are depicted below. The black lines mark the extent of the promoter fragments driving the expression of the LacZ reporter gene (LacZ). The position of the motifs A-C identified by TFBS prediction software (see Fig. 6 ) is marked with colored bars. The effects on pipe repression are indicated on the right Fig. 4 Expression patterns of terminally deleted pipe reporter constructs. Stage 10 egg chambers oriented with the anterior pole to the left and the dorsal side upwards. The expression pattern of the LacZ reporter gene is visualized by anti-βGal antibody staining (red, left column). The DAPI staining (white, right column) demonstrates the integrity of the follicular epithelium. a-e Reporter constructs comprising distally deleted promoter fragments. f-j Reporter constructs comprising proximally deleted promoter fragments. The expression patterns are discussed in the text. See also clone extending from ventral to dorsal. To reveal the ventral border of the clone, the egg chamber is shown from a ventrolateral view. Therefore, the pipe domain appears to expand more to the dorsal side as compared to lateral views. g-i Dorsally localized CtBP P1590 clone analyzing the conservation in the 1.5-kb upstream sequence of pipe, which drives normal expression of the reporter gene (see Fig. 4a ). We compared several algorithms which all gave similar results. Figure 6a shows the pairwise alignments of the D.mel. reference genome and the homologous sequences of seven Drosophilids, which have been generated by GenomeVISTA Couronne et al. 2003; Kent 2002) . Besides the sequence of the first exon and the cis-regulatory sequence directly upstream, only the interval located approximately 1,035-1,125 bp upstream of pipe is conserved up to D.moj. and D.vir., which diverged from D. mel. about 40 million years ago. For the D.moj. alignment, the region around 1,100 bp upstream of the transcription start site is actually the only conserved non-coding element, corroborating the analysis of the pipe-promoter constructs which shows that essential repressor binding sites are located in this section of the upstream cis-regulatory region (Figs. 3 and 4) . To identify potential transcription factor binding sites (TFBS) or cis-regulatory motifs in this sequence, we used multiple bioinformatic programs. Due to the results of the promoter constructs and the determination of the position of conserved cis-regulatory sequences, we concentrated on the sequence between 1,000 and 1,500 bp upstream of the transcription start site to detect putative TFBSs (exact location of sequence: −936 to −1,453 bp, see blue box in Fig. 6a) . We used eight different TFBS prediction programs in parallel, which restricted the output to potential cis-regulatory motifs conserved among different Drosophilids (phylogenetic footprinting).
The starting point for the evaluation of the results of the different prediction programs was the output of the CREDO software, which shows the correlations of five different algorithms (Fig. 6b) . We concentrated on the sequence sections that show overlapping predictions for at least three of the CREDO linked programs (yellow and green color code in Fig. 6b , Summary View) and analyzed, which of the other three programs (see "Materials and methods") identifies TFBSs at the same location. Thus, we finally discovered three putative cis-regulatory motifs that were independently predicted by at least five different programs in total. In the following, we will refer to these motifs as motif A, B, and C. The motif hits in the sequence of Drosophila melanogaster are depicted in Fig. 6c . Only motif B was identified by all eight programs. Motif A was recognized by seven and motif C by only five programs.
None of the motifs harbored obvious consensus binding sites for known transcriptions factors.
The positions of the predicted motifs A-C are depicted in the alignments generated by GenomeVISTA (Fig. 6a, red , blue, and green line). Only motif B is located in the highly conserved region. The rather low conservation of motif C demonstrates that the prediction of a motif by several programs is not simply based on the degree of conservation because in some more strongly conserved parts of the sequence, no motifs can be found that are predicted with the same confidence.
Motif B represents an essential repressor binding site
To test the relevance of the predicted cis-regulatory motifs A-C in vivo, we generated internally deleted reporter constructs. The cis-regulatory region used in these constructs comprised the complete 1.5 kb upstream sequence with just one of the predicted motifs and a few of the remaining nucleotides deleted in each of the constructs (altogether 20 bp were deleted in each of the constructs). The deletion of either motif A or motif C did not affect the expression pattern of the LacZ reporter gene (Figs. 3 and 7a, c) . These results are in accordance with the expression patterns observed for terminally truncated promoter fragments that affect these motifs (Fig. 3) . The constructs 1150-LacZ und 1135-LacZ, which both lack the motif C, are expressed normally in ventral follicle cells (Figs. 3 and 4b) . Also, the proximally deleted construct 985-1300-LacZ in which motif A is partially deleted (only five nucleotides remaining) is normally expressed (Fig. 4g) , suggesting that this motif is not representing an essential TFBS. Because motif A and C are quite similar (some of the programs even regarded them as two different versions of one consensus motif), we also generated another construct in which both motifs are deleted simultaneously. This construct was also normally expressed (data not shown). An important function for these motifs can thus be ruled out.
In contrast, the deletion of motif B alters the expression pattern of the reporter gene, which is evident from the uniform expression of the construct 1500-ΔB-LacZ (Fig. 7b) . The striking de-repression as a consequence of the deletion of motif B strongly suggests that this region harbors essential TFBSs. However, the complete internal deletion of the sequence will also affect the spacing of nearby binding sites outside the deleted section. This can compromise necessary interactions between different transcription factors and thus the observed misexpression of the 1500-ΔB-LacZ construct might also result from factors that bind upstream or downstream of motif B.
To confirm the importance of the determined repressor binding site (motif B), we generated internally modified (mutated) reporter constructs (Fig. 7d-k) . Seven distinct constructs were generated, in each case, 20 bp were altered, and the modified sequence was overlapping for 10 bp as compared to adjacent construct (McKnight and Kingsbury 1982) . Figure 7e -k shows the results for these internally mutated reporter constructs. The observed expression patterns highlight the importance of the predicted motif B, but in addition, they show that in total, a larger sequence is essential for proper binding of repressing factors. In particular, the construct mutC that does not affect motif B at all, is also ectopically expressed dorsally. In some cases, the expression of the constructs is weaker at the very dorsal side of the egg chamber as compared to the rest of the follicle cells. This dorsal region of weaker de-repression is Fig. 6 Evolutionary conservation and identification of potential TFBS in the cis-regulatory region upstream of pipe. a Plots of pair-wise alignments of the upstream region of pipe generated by Genome-VISTA. The Drosophila species used for the alignment with D. melanogaster is depicted on the left. The schematic drawing of the pipe upstream region at the top shows the coordinates of the upstream sequence, the transcription start site is marked by an arrow; the coding region of pipe is illustrated by the thick black bar. Because pipe is encoded on the reverse complement, the core promoter and the transcription start side are located at the right side and the upstream cisregulatory sequence extends to the left. The graphs represent the conservation above 50%, the upper line marks 100% conservation. The colored shadings of the graphs depict conserved regions (70% minimal identity within at least 100 bp). Conserved translated regions are dark blue, non-coding transcribed regions are light blue, nontranscribed regions are red. The blue open box marks the~500 bp sequence region used in the analysis with the TFBS prediction software. The position of the motifs A-C identified by this software is depicted by the vertical bars (red, blue, and green). b Graphical representation of the CREDO results. The Motif Overview at the top illustrates the position of all detected motifs. The individual hits for the different consensus motifs are depicted in one individual block for each program as colored arrows. Each individual color represents one specific consensus motif. The Summary View below shows the motifs found by all programs for each nucleotide position. The color code represent the number of different programs that detected a motif at that specific position (purple: one out of five; light blue: two; green: three; yellow: four; red: five). The number of total motif hits at each position is indicated by the height of the bar (some programs detect several overlapping motifs at the same position). The colored open boxes mark the location of the motifs A-C that are predicted by most programs, including the results of the programs MOST, SOMBRERO, and WeederH which are not implemented in CREDO. c Sequence of the motifs A, B, and C predicted by at least five different algorithms not located directly above the oocyte nucleus, but slightly more posterior. These results are corroborated by the deletion constructs shown in Figs. 3 and 4 . The 1,100 bp construct, which contains the complete motif B, nevertheless shows clear de-repression (Fig. 4c) . Thus, we can conclude that some sequences surrounding the predicted motif B also contribute to proper EGFR mediated transcriptional repression of pipe. In summary, comparing the expression patterns of all constructs, the complete region containing essential repressor binding sites could be narrowed down to 31 bp.
In order to investigate whether the function of the 31-bp repressor element is dependent on its position within the pipe CRM, we produced constructs in which the endogenous element was deleted and inserted either more proximal or more distal to the original position (Fig. 7l and data not  shown) . Both constructs lacked pipe repression suggesting that the 31-bp element does not represent an autonomous repressor element and that its function depends on the context of the pipe promoter.
Proteins extracted from ovaries bind in vitro specifically to the identified repressor binding element We performed electrophoretic mobility shift assays (EMSA) to analyze if proteins from ovarian extracts bind in vitro to the 31-bp repressor element. Incubation of the radioactively labeled 31 bp fragment with crude ovarian tissue extracts led to a shift in the mobility of the fragment (Fig. 8) . This bandshift was specific, since adding unlabeled fragment diminished the intensity of the shifted band (lanes 4-7), and no shift was seen with a mutated fragment (lane 1). These results suggest that ovarian extracts contain one or more proteins which specifically bind to the repressor element. The activity of transcription factors is often regulated at the level of DNA-binding capacity (Whitmarsh and Davis 2000) . Since the transcriptional repressor we are interested in is directly regulated via the EGFR pathway, this factor is expected to be inactive in gurken mutant egg chambers. Thus, we analyzed whether the binding capacity of the factor is affected when proteins were extracted from gurken mutant ovaries (grk HF48 /grk 2B6 females). No change in position or quantity of the shifted fragment was observed under this condition (lane 2). However, because the EMSA is an in vitro experiment, this result does not exclude that the observed bandshift results from the binding of an EGFR regulated transcription factor. Many transcription factors are regulated at the level of nuclear translocation (Hill and Treisman 1995; Hunter and Karin 1992; Lin et al. 1998) . As the EMSA is conducted with protein extract from homogenized tissue, proteins which are not localized to the Fig. 7 Expression patterns of internally deleted or mutated pipe promoter constructs. Stage 10 egg chambers oriented with the anterior pole to the left and the dorsal side upwards. The expression pattern of the LacZ reporter gene is visualized by anti-β-Gal antibody staining (red). a-c Internally deleted promoter constructs. The constructs include 1,500 bp of the pipe upstream region. In each case, one of the predicted motifs A-C (see Fig. 6c ) is deleted. Only the deletion of motif B leads to a clear de-repression (uniform expression). d The sequences surrounding motif B (marked by an open blue box) which are modified (highlighted in red) in the reporter constructs mutA-mutD. The effects on pipe repression are indicated on the right. e-k Expression patterns of the reporter constructs mutA-mutD. l Expression pattern of a construct in which the 31-bp repressor element was shifted to a more distal position (see Fig. 3) nucleus in vivo are able to bind to the labeled DNA during the incubation of the probe with the protein extract.
Discussion
The transcriptional regulation of pipe is crucial for establishing the dorsoventral axis of the embryo (Sen et al. 1998) . pipe is down-regulated in dorsal follicle cells by Grk, a TGFα-like ligand which is localized close to germinal vesicle at a dorsal-anterior position of the oocyte (Cheung et al. 2011) . Local Grk secretion from the oocyte leads to an anteroposterior (AP) and dorsoventral (DV) gradient of Grk uptake in the follicular epithelium (Chang et al. 2008 ). Quantitative analyses have suggested that the resulting two-dimensional profile of EGF signaling is sufficient to explain the spatial pattern of pipe expression, which in turn determines the DV axis of the embryo (Goentoro et al. 2006) . This is a remarkable result since the DV axis is established simultaneously along the entire length of the embryo in Drosophila. Thus, all positions along the AP axis of the embryo require precise DV patterning information prior to gastrulation. This places high demands on the accuracy of the system providing DV spatial information, i.e., on the transcriptional regulation of pipe. Although we know from previous experiments that some variation in width of the pipe domain is compatible with normal DV axis formation in the embryo, even slight variations along the AP axis cause severe embryonic defects (Roth and Schupbach 1994; Roth et al. 1999) .
Besides its accuracy with regard to the future embryonic axis, there is another remarkable feature of pipe regulation. The transcription of pipe shows a sharp on-off pattern in lateral regions of the follicular epithelium (Sen et al. 1998; Roth 2003) . Although it has been shown that EGF signaling extends even to the ventral side of the egg chamber the distribution of active MAPK indicates that the signaling levels are very low in the lateral regions of the follicular epithelium where the border of the pipe domain resides (Pai et al. 2000; Peri et al. 1999; Wasserman and Freeman 1998) . This poses the additional question of how low levels of EGF signaling resulting in a shallow gradient of MAPK activation lead to a sharp transcriptional response. To address this point, a signaling relay had been suggested (Jordan et al. 2000; Zhao et al. 2000) . However, later work showed that EGF signaling controls pipe in cell-autonomous way (James et al. 2002; Peri et al. 2002) . This might occur either through transcription factors which are a direct target of MAPK phosphorylation or through another tier of transcriptional regulation. According to the latter, alternative EGF signaling could either activate the transcription of a repressor or repress that of an essential activator.
To approach these questions we followed two experimental strategies. (1) We performed clonal analyses with mutants for transcription factors which have been implicated in EGF signaling in Drosophila or which have been suggested to be specifically involved in pipe regulation. (2) We analyzed cis-regulatory sequences responsible for pipe regulation in the follicular epithelium.
Candidate transcription factors involved in pipe regulation
Using clonal analysis, we first re-investigated the role of the two Ets domain proteins, Pointed and Yan, which are targets of MAPK phosphorylation in many tissues (Hsu and Schulz 2000) . pnt has been shown to play a role in follicle cell patterning (Morimoto et al. 1996; Atkey et al. 2006) , where /grk 2B6 ovaries; lane 3: normal probe incubated with protein extract from wild-type ovaries; lanes 4-7: normal probe incubated with protein extract from wild-type ovaries plus increasing amounts of nonlabeled probe; lane 8: normal probe only. 0.1 ng of radioactively labeled probe (mutated or normal) were used. The arrow marks the bandshift that occurs after incubation with protein extracts from grk HF48 /grk 2B6 or wild-type ovaries. The asterisk marks a band which is also observed in the case of the mutated probe due to unspecific binding. The strong band at the bottom results from unbound probe. The addition of increasing amount of unlabeled probe as cold competitor reduces the strength of the band-shift (lanes 2-4). The mutated probe does not result in a bandshift when incubated (lane 1). Thus, the bandshift is caused by specific binding of one or more proteins to the 31-bp element it is required to establish the dorsal midline cell fate, which separates the two dorsal appendages. Eggs carrying pnt clones support embryonic development leading to larvae with no obvious DV patterning defects (Morimoto et al. 1996) . This suggests that pnt has no major influence on pipe. However, previous studies did not analyze pipe expression and thus could not rule out subtle effects on pipe, e.g., on the precision of pipe repression in lateral regions. Our clonal analysis shows that despite its effect on dorsal follicle cell patterning, pnt lacks any detectable influence on pipe (Fig. 1a-f) . The same applies to the Ets domain protein Yan which normally acts as a repressor in conjunction with Pnt ( Fig. 1g-i ).
An influence on embryonic DV patterning had been proposed for the zinc finger transcription factor CF2 (Hsu et al. 1996) . Follicle cell expression of antisense or sense CF2 constructs apparently resulted in DV patterning defects in the embryo, making CF2 a likely candidate for a transcription factor controlling pipe (Hsu et al. 1996) . In dorsal follicle cells, EGF signaling leads to cytoplasmic retention and degradation of CF2, while CF2 accumulates in the nuclei of lateral and ventral follicle cells (Mantrova and Hsu 1998) . Accordingly, CF2 might be an activator of pipe, and the down-regulation of this factor would determine the lateral pipe border. This assumption, however, was never rigorously tested. Our clonal analysis reveals that CF2 is not involved in pipe regulation (Fig. 1p-r) . The same applies for the zinc finger transcription factor Ttk, which is expressed in the follicular epithelium and has been implicated in EGF signaling in other tissues (Fig. 1j-o) (French et al. 2003 ) (Baonza et al. 2002) .
The most likely candidate for EGF-mediated pipe regulation is the HMG-box protein Cic . cic mutant flies produce egg chambers with an anterior ring of dorsal follicle cells and lack of pipe expression (Goff et al. 2001) . The expansion of dorsal follicle cells in cic mutant egg chamber is accompanied by ectopic expression of mirror in the anterior half of the follicular epithelium (Atkey et al. 2006) . Clonal analysis shows that cic represses mirror in a cell-autonomous manner. Cic function is down-regulated by EGF signaling through the prevention of nuclear accumulation of Cic in dorsal follicle cells (Astigarraga et al. 2007 ). Thus, the dorsal follicle cell fate is established by EGF-dependent repression of repressor. Our clonal analysis shows that cic is also required for pipe expression in a cellautonomous manner (Fig. 2a-g ). Thus, one could imagine that EGF signaling-dependent down-regulation of cic in dorsal follicle cells accounts for spatial regulation of pipe. Although this cannot be strictly excluded, the temporal and spatial profile of nuclear Cic accumulation are not in agreement with this suggestion. In particular, Cic is present uniformly in the nuclei of lateral follicle cells spanning the region where the sharp on-off boundary of pipe expression resides (Fig. 2h-j) .
The pipe CRM contains a repressor element Since the clonal analysis of candidate genes presented in this paper together with previous work (Peri et al. 2002; Shravage et al. 2007) did not lead to the identification of the crucial pipe regulators, we embarked on a promoter analysis of the pipe gene. The main result of this analysis is the finding that the spatial regulation of pipe is due to transcriptional repression rather than to the down-regulation of an activator. The cis-regulatory module (CRM) driving pipe expression consists of a repressor element of about 30 bp followed by approximately 100 bp which harbor essential activator binding sites (Figs. 3, 6, and 7) . Ovarian extracts contain a protein which binds to the repressor element (Fig. 8) .
The constructs affecting the repressor element resulted in global de-repression along the entire AP axis of the egg chamber, suggesting that a single repressor binds to the element (Figs. 4a-e, 7a-k). However, the constructs affecting the activator binding sites showed region-specific effects. For example, partial pipe expression at the posterior of the egg chamber was observed for some constructs (proximal deletions) reducing the size of the activator domain ( Fig. 4h-i) . Other constructs resulted in loss of medial expression while anterior and posterior expression was maintained (data not shown). These findings indicate that the part of the pipe CRM which harbors the activator binding sites has a modular structure with separate binding sites and distinct transcription factors being responsible for the anterior, medial, and posterior subregions of pipe expression. Similar results have been described previously for the cis-regulatory region of the chorion gene s36 (Tolias and Kafatos 1990; Tolias et al. 1993) .
Regarding the function of the pipe repressor element, several alternatives can be envisaged. Transcriptional repressors have been subdivided into long-range and shortrange repressors (Gray and Levine 1996b) . Long-range repressors function over distances of at least 500 bp by inhibiting activators bound to CRMs or by directly blocking the basal transcription machinery. The factor binding to the pipe repressor element is unlikely to work as long-range repressor since the repressor element loses its function when it is separated from the activation domain. Both a distal and proximal shift of the element by 400 and 1,000 bp, respectively, led to complete de-repression of pipe (Figs. 3, 7l) . Thus, the pipe repressor appears to act in short-range manner.
Different modes of short-range repression have been described, which can be distinguished on the basis of the spatial organization of activator and repressor binding sites (Gaston and Jayaraman 2003; Kulkarni and Arnosti 2005) . In one scenario, repressors and activators directly compete for overlapping binding sites (Gray and Levine 1996a, b) . In this case, the deletion of the common binding sites leads to a complete loss of expression. We can exclude this mode of competitive binding, due to the uniform expression in all follicle cells which arises as a consequence of the mutation or deletion of the repressor element in the pipe CRM (Figs. 4a-e, 7) .
Two other modes of short-range repression are known as quenching and direct repression. In the case of quenching, the repressors and activators bind simultaneously at independent binding sites and the repressors inhibit the interaction of the activators with the general transcription machinery (Gray et al. 1994; Gray and Levine 1996a; Arnosti et al. 1996) . In contrast to this, direct or active repression involves repressors, which directly target the general transcription machinery (Gray and Levine 1996a; Arnosti et al. 1996; Latchman 1996) . Both of these mechanisms could apply for the repression of pipe. However, it has been shown that in the case of direct repression, the repressor has to bind in close proximity (~100 bp) to the basal promoter (Gray and Levine 1996a; Arnosti et al. 1996; Kulkarni and Arnosti 2005) . The distance of the identified pipe repressor element to the core promoter, however, exceeds 1,000 bp making direct repression an unlikely mechanism. In addition, positioning the element next to the transcription start site did not lead to repression (Fig. 3) .
For short-range repressors acting during embryogenesis, quenching has been reported to be the most prevalent mode Arnosti 2003, 2005) . Quenching leads to the inhibition of every activator bound in a distance of up to 100 bp surrounding the repressor binding site (Gray and Levine 1996a) . In addition, the specificity of the repression depends mainly on the position of the bound repressor and not on the type of activator. This fits to the results of the pipe promoter analysis, as we detect extensive de-repression affecting all follicle cells, although the observed partial expression patterns suggest that independent activators are required for different subdomains of the follicular epithelium.
Quenching requires the presence of co-repressors which mediate the interaction between the repressors and the activators bound to independent sites. Groucho and CtBP are among the most widely studied co-repressors (Courey and Jia 2001; Payankaulam et al. 2010) . While Groucho mediates both long-range and short-range repression, CtBP locally interferes with neighboring activators. Surprisingly, neither Groucho nor CtBP are involved in pipe regulation (Fig. 5) . Thus, we predict that the molecular mechanisms of short-range repression functioning within the pipe CRM are different from those cases which have been studied most intensively in the early embryo (Payankaulam et al. 2010) .
In summary, our analysis of pipe regulation provides a solid basis for future studies on the molecular mechanisms of EGF signaling-dependent transcriptional repression. In addition, the systematic manipulation of the pipe CRM allows the generation of transgenes which change the expression pattern of pipe independent from EGF signaling. In the past, ectopic expression of pipe has been achieved only with the help of heat-shock constructs or the GAL4-UAS system (Sen et al. 1998; Zhang et al. 2009b ). These experiments had the disadvantage that they did not reproduce endogenous levels of pipe expression. For example, no experiment has been reported so far which shows the consequences of uniform expression of endogenous pipe on the embryonic DV patterning. However, such an experiment would be of pivotal importance for understanding the selforganizing processes which occur downstream of pipe and lead to the formation of the embryonic nuclear dorsal gradient that establishes the pattern of cell-fates along the embryonic DV axis (Moussian and Roth 2005) .
